Objective: Three mainstream techniques-laparoscopic hepatectomy (LH), percutaneous radiofrequency ablation (pRFA), and open hepatectomy (OH)-were compared in this study, in terms of their efficacies in the treatment of small hepatocellular carcinoma (HCC). Methods: A comparative study was performed within a total of 94 patients diagnosed with small HCC in our hospital from 2005 to 2010, who underwent LH (28), RFA (33), or OH (33). They had either a single tumor lesion of less than 5 cm or up to three nodules with diameters of less than 3 cm each. Outcomes were carefully evaluated throughout a 3-year follow-up interval and statistically interpreted. Results: The pRFA group had a significantly lower disease-free survival rate compared with the two surgical groups (P=0.001) and significantly shorter overall survival (P=0.005), while the LH group and the OH group had no difference in survival results. For patients younger than 60 years old, surgical approaches offered a better long-term overall survival prognosis (P=0.008). There were no statistically significant differences among the three groups in overall survival for elderly patients (P=0.104). Conclusions: Among patients with small HCC, LH may provide better curative effects than pRFA without increasing complication rates. pRFA leads to faster recurrence than surgical resections. LH has similar therapeutic effects to OH and causes less trauma. For patients younger than 60 years old, LH may be the best curative treatment. Elderly patients may choose either surgery or pRFA.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide and has long been a major public health problem in the Asia-Pacific region, where the incidences of viral hepatitis and liver cirrhosis are relatively high. The incidence of HCC in China alone accounts for 57% of all cases worldwide (Tanaka et al., 2011) . Two surgical approaches, the traditional open hepatectomy (OH) and the laparoscopic hepatectomy (LH), are widely used in health care centers to treat resectable HCC. While the open approach is associated with more blood loss and longer recovery time, LH allows for the perception of finer detail which leads to less invasiveness. Moreover, numerous randomized controlled trial (RCT) reports and meta-analyses have demonstrated that laparoscopic liver surgery for patients with HCC could achieve short-term and longterm outcomes comparable to case-matched open liver surgery (Koffron et al., 2007; Pearce et al., 2011; Rao et al., 2012) . In all LH techniques, total LH provides better cosmetic results, less blood loss, and fewer hospitalization days in comparison.
Although surgery provides the best chance of a cure in patients with resectable tumors, less than 30% of patients with small HCC are eligible for surgery (Verslype et al., 2009; Zhu, 2012) . Local ablative therapy, especially radiofrequency ablation (RFA), has been established as the primary local ablative modality at most institutions. Moreover, recent research has suggested that RFA for HCCs with maximal diameters of 3-5 cm may achieve comparable long-term overall survival and disease-free survival with surgery (Kim et al., 2010; Asham et al., 2013; Lai and Tang, 2013; Fang et al., 2014) . Furthermore, percutaneous RFA (pRFA) has distinct advantages over hepatectomy by being minimally invasive, having a lower risk of hemorrhage, and having considerable repeatability. Thus, pRFA may play a dual role as a curative choice for small HCCs and as an effective alleviative treatment for large or metastasized cancer lesions.
During the past two decades, along with technical progress and people's increased desire for good quality of life, minimally invasive techniques have gained great popularity in the treatment of small solid tumors. To date, some articles concerning the treatment of small HCC have reported the comparison between OH and LH, while some have reported the efficacy of RFA. Few reports exist on the comparison between LH and RFA, and no comparative study between the three techniques is available. For this article, we conducted a retrospective study on the basis of prospectively collected data to provide a more comprehensive understanding of these three techniques, and to compare their long-term outcomes in the treatment of small HCC patients.
Materials and methods

Patients and parameters
Between January 2006 and December 2011, more than 3000 patients in Sir Run Run Shaw Hospital (SRRSH), Zhejiang University, China, had the diagnosis of HCC confirmed by cytohistological evidence from liver biopsy specimens, or, in the absence of biopsy evidence, on the diagnostic criteria for HCC used by the American Association for the Study of Liver Diseases (AASLD) and the 2011 Chinese guidelines for HCC management in our hospital. A total of 2913 of these patients underwent LH (n=585) or RFA therapy (n=508) or OH (n=1820) in our liver disease center. In general, patients were offered the option to choose any of these treatments. Potential advantages and disadvantages of each treatment were fully explained to patients. For patients whose tumors were at certain locations or with particularly large sizes, suggestions and treatment protocols were rendered by the surgeon or physician in charge. No procedure was performed until consent was obtained from the patient and his/her family. Among these enrolled patients, we used the following inclusion criteria: (1) patients were first diagnosed with HCC and completed all treatments for HCC in our hospital; (2) they had a maximum tumor diameter of less than 3 cm and number of intrahepatic tumors no greater than 3, or a single intrahepatic lesion with a diameter of less than 5 cm; (3) Child-Pugh class A or B; (4) Barcelona Clinic Liver Cancer (BCLC) level 0 or A; (5) no intrahepatic and distant metastases; (6) no invasion of the portal vein, the hepatic vein trunk or secondary braches; (7) indocyanine green retention rates of less than 30% at 15 min; (8) all included patients suitable for LH, RFA, or OH according to the guidelines.
The following patients were excluded: (1) patients met the inclusion criteria but declined to participate, or refused to provide a personal medical record; (2) patients whose permanent pathology after the procedure suggested benign focal nodular hyperplasia (FNH), inflammatory nodules, metastatic liver cancer, or primary liver cancer of other pathological types (e.g. cholangiocarcinoma); (3) patients whose first therapeutic result was not satisfactory (tumor with indistinct border, location near the blood vessels, or poor differentiation) added anti-tumor treatments (e.g. transcatheter arterial chemoembolization (TACE), percutaneous ethanol injection (PEI), or chemotherapy) immediately after surgery or pRFA; (4) selfdischarged patients, or patients who met the inclusion criteria but failed to complete the treatment course for socioeconomic reasons.
Restrained by the above criteria, 110 patients remained as proper subjects: 35 for the LH group, 35 for the RFA group, and 40 for the OH group. The clinical data of final recruited patients were carefully collected and interpreted by dependable statistical software. Pathological results, a chest X-ray and a contrast computed tomography (CT) scan of abdomen, were examined for information regarding tumor location, size, and recurrence. Magnetic resonance imaging (MRI) and positron emission tomography (PET)-CT were also referred in selected patients. Laboratory blood tests included hepatitis B surface antigen, antibodies to hepatitis C, serum α-fetoprotein (AFP), albumin, and total bilirubin. Aspartate aminotransferase (AST), alanine aminotransferase (ALT), and prothrombin time (PT) were obtained both before and after the target procedure. Pugh's modification of Child's criteria (Child-Pugh class) and the BCLC level were deliberated through a therapeutic flow-chart. Adjuvant therapies received before and after the treatment were recorded.
Study design
Our null hypothesis was that LH, OH, and pRFA provided similar prognostic outcomes and survival rates for patients with small HCC. The primary end points of the trial were the 36-month disease-free survival rate and the overall survival rate. The secondary end points were the overall recurrence rate. Overall survival and disease-free survival were measured from the date of the procedure to the time of death and to the time when a recurrent tumor was first detected, respectively. Operating time, blood loss, need for blood transfusions, postoperative complication rates, mortality, and the length of hospitalization were also compared. Collection and processing of data were permitted and approved by patients. The clinical study was supervised by the Research Ethics Committee of the SRRSH, which is affiliated with School of Medicine, Zhejiang University, China.
Procedure
Patients in the surgical resection groups underwent a partial hepatectomy. All surgeries were carried out under general anesthesia. Each procedure was hosted and performed by experienced general surgeons in the Department of Surgery in SRRSH, who have performed both OH and LH for 15 years or more. In the LH group, subjects underwent the total laparoscopic approach. Patients underwent the classic open approach in the OH group.
For the RFA group, all procedures were performed by a dedicated team from the Department of Medical Oncology in SRRSH, after a multidisciplinary meeting, with a standard protocol of either a Tyco RFA device (Valley Lab, Tyco Health Care Group, Boulder, CO, USA) or a Rita RFA device (Oncology Products Group Angio Dynamics, Latham, NY, USA). Patients underwent pRFA under the guidance of real-time bedside ultrasonography (BUS) or CT in an operative room setting under local anesthesia by 2 ml 2% lidocaine. Each tumor was treated with a single electrode placement and ablation. During the ablation process, the patient was given an intravenous injection of 3 ml midazolam to relieve pain.
Follow-up
After any procedure, liver function of the patient was re-examined before discharge. A multidetector abdominal contrast CT scan was given four weeks after the treatment and was highly recommended for every 6 months in the following 3 years. B-ultrasonography of the abdomen served as an acceptable substitution to CT for patients who were at risk of injury caused by an overdose of radiation. Dynamic contrast MRI was performed when intrahepatic recurrence was difficult to ascertain. When extrahepatic metastasis symptoms were expected (cough, bloody phlegm, or bone pain), a chest CT and a bone emission computed tomography (ECT) scan were performed. At each of the follow-up visits, blood tests including the routine count of blood cells (CBC), liver function, and serum AFP were monitored. The follow-up visits were spaced out to 6-12 months after 3 years depending on the wishes of the patient. During follow-up, we continuously contacted patients at 3-6 month intervals by telephone to ensure their periodic review of liver disease, and helped them to schedule clinic appointments and to investigate the condition of their disease.
Complete surgical removal was approved by the pathological results, which showed negative resection margins. Complete pRFA was defined as the absence of any peripheral enhancement in the contrast-enhanced phase at the first CT scan after treatment. When patients were found to have a recurrence, they were readmitted into the hospital to receive the next episode of treatment.
Statistical analysis
We used the SPSS 19.0 statistical software package (SPSS Inc., Chicago, Illinois, USA) to run statistical tests. For quantitative data, the Gaussianity test was performed to test for homogeneity of variables. Homogeneous variances were expressed as mean±standard deviation (SD) and were compared thereafter by one-way analysis of variance (ANOVA). Multiple comparisons between the three groups within ANOVA were simultaneously analyzed by a least significant difference (LSD) or Bonferroni test. A Pearson Chi-square test was applied to analyze categorical data. All curves were generated by the Kaplan-Meier method and the differences between the groups were compared using the log-rank test. P-values of less than 0.05 were considered statistically significant.
Results
Patients
Of the 110 patients categorized into the three analytical groups, 16 of them either refused to participate during intervention (5 of 16) or were lost in the follow-up (11 of 16), which left 94 as proper subjects (Fig. 1) . Remaining patients were matched by age, sex, Child-Pugh class, hepatitis B and hepatitis C virus infection, cirrhosis status, and preoperative laboratory results (Table 1) . Patient demographics were not significantly different between the three groups, except for the fact that the pRFA patients were older than those in the surgical groups (F=5.934, P=0.004). This is quite understandable because older patients usually tend to choose more conservative and less invasive therapeutic methods considering their state of health. On the other hand, the average tumor size of the RFA group was found to be smaller than those of the two surgical groups (F=5.692, P=0.005). In general, the majority of subjects suggested impaired liver function reserved with active viral infection, and were characterized as male, hepatitis B virus (HBV)-antigen positive, cirrhosis, increased AFP, Child-Pugh A classification, and BCLC 0 level.
In the LH group, complete surgical resection was achieved in all 28 patients, which was pathologically demonstrated by the negative circumferential resection margin. Fourteen patients underwent LH combined with cholecystectomy, 4 LHs were combined with intraoperative chemotherapy (intraperitoneal chemotherapy), and the others went through hepatectomy alone. Among the 33 patients treated with hepatectomy in the OH group, 2 were transferred from the laparoscopic exploration group. Thirty-two of 33 patients (97.0%) achieved radical resection, with one male patient revealed to have a residual tumor adjacent to the surgical zone at his one-month follow-up. He was given local ablation therapy during the follow-up period and survived for 36 months. In the RFA group, 8 ablations were guided by CT while the rest of the cases were guided by BUS. Complete necrosis at the first postoperative imaging was present in 90.9% of patients (30 of 33). Three patients received repeated RFA after the one-month follow-up imaging, as they were believed to have had inadequate ablation during the first treatment. One patient in the OH group had a liver transplantation 37 months after surgery and one patient had a transplantation 48 months after RFA. All patients mentioned above presented no protocol switch and were kept in their respective groups for survival and recurrence analysis. Table 2 presents the postoperative outcomes. The RFA group had significantly shorter procedure duration (F=5.597, P=0.006) and less blood loss compared with the resection groups (F=56.353, P= 0.000). Hospitalization was significantly shorter in the RFA group than in the resection groups (F= 10.867, P=0.000) . Results from the paired comparison revealed that operating time and intraoperative blood loss were significantly less in the LH group than in the OH group. The only treatment-related hospital mortality of all patients was in the OH group. A 69-yearold male patient died because of postoperative refractory hemorrhage and disseminated intravascular coagulopathy (DIC); he was automatically discharged according to his family's will after half an hour's resuscitation. Adverse events in the LH group were as follows: biliary fistula (3), pleural effusion (1), pneumonia (1), liver section effusion (1), and intraabdominal infection (1). Complications related with the OH groups were: pleural effusion (4), intraabdominal infection (3), hemorrhage (2), biliary fistula (1), liver section effusion (1), and pneumonia (1). Adverse effects in the RFA group included fever (3), abdominal pain (2), scald of the skin (1), hemoptysis (1), and agranulocytosis (1). The overall complication rate was 25% in the LH group, 36.4% in the OH group, and 24.2% in the RFA group. Biliary fistula and right-sided reactive pleural effusion were the most common complications in operating patients. Adequate percutaneous drainage helped the fistula heal itself, and pleural effusion could be resolved with thoracentesis or conservative management, such as albumin supplement. The complications of the RFA group, although with no significantly less incidence rate, were less severe or fatal than those of the resection groups. Expectant and supportive treatment was successful for the most febrile and in-pain patients.
Treatment morbidity and mortality
Other outcomes
As has also been shown in Table 2 , the perioperative need for transfusion (red blood cells (RBC) or fresh frozen plasma (FFP) or platelets (PLT)) was much lower in the RFA group (1 of 35) than in the resection groups. Between the two resection groups, however, the LH group presented with less blood loss and thus less need for blood transfusion than the OH group (25.0% vs. 51.5%). The mean operation time and length of hospitalization were also significantly shorter in the RFA group.
Disease-free survival and recurrence
In the LH group, recurrence occurred in 10 patients (7 local recurrences and 3 distant metastases). Eight patients had tumor reconstruction in the OH group (7 local recurrences and 1 distant metastasis). Twenty-four patients in the RFA group experienced recurrence within 3 years after the procedure (21 local recurrences and 3 distant metastases). The 3-year disease-free survival rates for the three groups were 64.3%, 27.3%, and 75.7%, respectively. Accordingly, the disease-free survival rate was significantly lower in the RFA group than in either the LH group or the OH group (χ 2 =13.810, P=0.001; Fig. 2a ). Taking it one step further, we conducted pair-wise comparison between each of the two methods and found the significance showed only between the RFA group and two resection groups. The LH group and the OH group shared similar disease-free survival rates, which was confirmed when we pooled the two groups as one resection group and compared again with the RFA group (Fig. 2b) .
Once the recurrence was confirmed by follow-up imaging, patients were readmitted into the hospital where a multidisciplinary team (MDT) proposed a treatment plan for them. The further treatment plan was based on liver function, tumor growth pattern, patients' systemic status, and their personal will. The optional modalities included TACE, local ablation, secondary hepatectomy, chemotherapy, radiotherapy, systemic target therapy (basically, sorafenib injection), traditional Chinese herbs or palliative therapy (Table 3) . Nine patients utilized more than one method to treat the tumor recidivism. TACE and local ablations were the most commonly used strategies after recurrence.
Overall survival
Twenty-five patients died during the study period. Two deaths in the LH group were not referable to liver conditions: one patient died in a motor vehicle accident, and the other died of a cardiovascular event.
The causes of death of all OH and RFA patients were HCC-related. The 3-year overall survival rates were 85.7%, 51.5%, and 84.8% for the LH group, the RFA group, and the OH group, respectively. The log-rank test indicated significant diversity among the three groups, and the main difference was between the RFA group and the LH or OH group (χ 2 =10.736, P=0.005; Fig. 3a) . Thus, we amalgamated the LH group with the OH group as a resection group. The comparison between the surgical resection group with the RFA group drew the same conclusion (χ 2 =10.736, P=0.001; Fig. 3b) . The Cox regression analysis revealed that age, number of tumors, and tumor size were not significant covariates affecting the influence of treatment. In 88 patients with only one tumor discovered, the 3-year overall survival was also significantly lower in the RFA group than in the RES group (χ 2 =6.838, P=0.009; Fig. 4 ). 
Analysis of patients with different age zones
Because the average diagnostic age of HCC was 57.8 years from 2005 to 2013 and the mean age of RFA patients was 62.60 years in our study, we set a cut-off line of 60 years old to explore whether there were any survival differences between the older and the younger population. There were 57 patients under 60 years of age and 39 patients aged 60 years or more. The survival function test showed that, among those who were younger than 60 years old, treatment significantly influenced 3-year disease-free survival (χ 2 =10.092, P=0.006; Fig. 5a ). Among the elderly patients, however, there were no significant differences found among the three study groups (χ 2 =5.473, P=0.065; Fig. 5b ). In the meantime, the overall survival was only influenced by treatments in the group of younger patients (χ 2 =9.685, P=0.008; Fig. 6a ). 
Discussion
The three techniques discussed above were all successfully used for the treatment of selected HCC patients. Due to the differences in inclusion criteria and applied technology, the conclusions from previous clinical trials and meta-analysis on the treatment of HCC with surgical resections and RFA were contradictory (Fang et al., 2014; Feng et al., 2015; Song et al., 2015) . Based on the follow-up after three years, our study showed that for HCC patients who had no more than 3 intrahepatic nodules with diameters of less than 3 cm, or a single lesion with a diameter of less than 5 cm, surgical removal offered a better outcome than pRFA in terms of both disease-free survival and 3-year overall survival. Although complete resection for small tumors may offer curative effects at the expense of a large volume of functional liver parenchyma (Benvegnù et al., 2004; Fattovich et al., 2004) , it was still the first-line choice for patients with small HCC. Between the two surgical options, OH and LH showed no difference in survival. Nevertheless, LH had the lead over OH because it gave less trauma and its operation time was shorter. Song et al. (2015) conducted a retrospective study to compare LH and RFA in treating single small HCC. They reported no survival differences between the LH and RFA groups, while the LH group was associated with increased morbidity complications. However, based on our data, we came to the conclusion that LH offered better curative effects than pRFA without increasing complication rates.
Compared with surgical resections, pRFA seemed to be associated with faster recurrence and shorter survival. Previous literature suggested that laparoscopic and open RFA might achieve better tumor control than pRFA (Santambrogio et al., 2003; Mulier et al., 2005) . The open approaches allowed ablation by means of multiple needle electrode punctures at different angles, which prevented dead ends inside tumors as much as possible. Ayav et al. (2010) reported that the rate of incomplete ablation by the percutaneous approach was as high as 18% compared with 13.8% for the open approach. Contradictorily, a lower recurrence rate was at the expense of greater trauma. Moreover, these patients with tumor recurrence could be suitable for a second or third pRFA procedure. These two invasive RFA techniques were not fully investigated and assessed in our study because HCC patients in China hardly ever chose ablation after an open procedure. It was observed in our study that pRFA was characterized with much less intraoperative blood loss, shorter hospitalization, and minor perioperative complications. These perspectives, although not directly related with survival, might interact with the socioeconomic status and psychological conditions of cancer patients, which would further influence their quality of life. Therefore, it was one of the most important treatment options to consider for small HCC.
According to our analysis within different age zones, younger patients benefited more from hepatectomy. They should be recommended to have minimal invasive surgery if the criteria are met. When designing a treatment plan for elderly patients, however, clinicians may encourage them to choose either surgery or pRFA to cure small HCC. For patients with early or intermediate stages of HCC, survival is more related to the functional reserve of the liver than to the tumor itself. Local ablative therapies are repeatable and thus can be used as an effective supplementary therapy without causing massive injury to the sick liver.
This study could be criticized for the following limitations. First, this was not an RCT, although data were collected prospectively. Patients were divided into three groups according to the decisions of both the doctor and the patient's family. Bias may exist in the treatment selection based on the patient's age, their intension-to-treat wishes, and the tumor status. And from past experience, for example, patients with a tumor in the posterior-superior lobe were often not considered for LH. Besides this, the sample population may not be fully extrapolated to the whole HCC population worldwide. Numerous literatures have shown that the occurrence and progression of HCC are quite different between east and west populations (Lai et al., 2012) . Our study cohort reflected more the conditions of HCC patients in the East Asian area. Secondly, we were not able to analyze the influences of post-procedure methods on survival. On the one hand, there was a greater variation in palliative methods, chemotherapy or Chinese traditional medicine for patients to choose from, which made it difficult to collect accurate data. On the other hand, our sample population was not statistically powerful enough for analysis if it was divided into different post-procedure groups. Researchers have reported that the combination of TACE with surgery or RFA would greatly improve the curative effects of HCC (Feng, 2013; Gu et al., 2014; Liu et al., 2014) . Further exploration is in urgent need to throw light upon this issue. Last but not least, when discussing the survival conditions within different age zones, we artificially drew a line at 60 years of age, based on the average age of the HCC patients. The boundary of division should be carefully argued for larger HCC populations.
In conclusion, for small HCC patients, radical resections including OH and LH offer better survival results than pRFA. Laparoscopic surgery shared similar curative effects with OH in terms of both disease-free survival and 3-year overall survival. Minimally invasive surgery should be recommended in younger patients with small HCC, while elderly patients may choose either liver resection or RFA. Compared to surgery, pRFA is less invasive and more repeatable. Because of the heterogeneity of patients and the disease itself, puzzles remain which could be resolved through well-designed, adequately powered and bias-free RCTs. To provide effective control of HCC, public health workers need to conduct rigorous screening for high-risk groups, while physicians and surgeons must work out a therapy that is most appropriate and personalized for HCC patients at certain stages of the disease.
